Protein conjugation with ubiquitin, known as ubiquitination, is a key regulatory mechanism to control protein abundance, localization, and activity in eukaryotic cells. To identify ubiquitin-dependent regulatory steps in plants, we developed a robust affinity purification/identification system for ubiquitinated proteins. Using GST-tagged ubiquitin binding domains, we performed a large scale affinity purification of ubiquitinated proteins from Arabidopsis cell suspension culture. High molecular weight ubiquitinated proteins were separated by SDS-PAGE, and the trypsin-digested samples were then analyzed by a multidimensional protein identification technology (Mud-PIT) system. A total of 294 proteins specifically bound by the GST-tagged ubiquitin binding domains were identified. From these we determined 85 ubiquitinated lysine residues in 56 proteins, confirming the enrichment of the target class of proteins. Our data provide the first view of the ubiquitinated proteome in plants. We also provide evidence that this technique can be broadly applied to the study of protein ubiquitination in diverse plant species.
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Ubiquitin (Ub)
1 is a key regulatory peptide moiety that determines the fate of proteins in eukaryotic cells (1) . The covalent attachment of a lysine 48-linked poly-Ub chain to the target protein typically leads to its subsequent recognition and degradation by the 26 S proteasome (1) . Polyubiquitination and proteolysis of crucial cellular regulators are often triggered by distinct environmental and developmental cues to control their abundance. Protein ubiquitination is not restricted to proteasome-dependent degradation but also alters protein location. For example, covalent attachment of a single Ub (monoubiquitination), two Ubs (diubiquitination) (2) , or a Lys-63-linked Ub chain (non-canonical ubiquitination) is involved in protein trafficking (3) . Ubiquitination of many transcription factors is also required for their activation prior to degradation (4) .
In plants, genetic analyses have identified many Ub-related genes that regulate various developmental pathways to fine tune homeostasis or that are required for responses to environmental stimuli (5) . For instance, Ub ligases are involved in developmental regulations by plant hormones such as auxin (6 -8) , gibberellin (9, 10) , abscisic acid (11) , ethylene (12) (13) (14) , and jasmonic acid (15) . Ub/26 S proteasome-related genes are also involved in responses to pathogens (for a review, see Ref. 16 ), light (17, 18) , and circadian rhythm (19) . The importance of the Ub-related pathway is also reflected in plant genomes. It is estimated that the Arabidopsis genome encodes more than 1,400 (Ͼ5% of the total genome) genes in the Ub/26 S proteasome pathway. Most of these genes encode putative Ub ligases (5), a class of proteins that is also highly represented in the rice genome (20) . However, only a few target proteins for these Ub ligases have been identified. Thus, identifying new target proteins that are ubiquitinated is important for many areas of plant biology.
Several large scale proteomics studies to identify targets for ubiquitination have been reported. In yeast, epitope-tagged Ubs were overexpressed, and ubiquitinated proteins were enriched by affinity purification (21) (22) (23) . Because the purification was performed under fully denaturing conditions this method resulted in low cross-contamination with proteins that bind non-covalently to Ub or to ubiquitinated proteins (23) . However, high expression levels of the recombinant protein were required to compete with the high endogenous levels of native Ub. Peng et al. (21) used a yeast strain in which all the native Ub genes had been previously deleted. Large scale immunoprecipitation of ubiquitinated proteins was also performed on proteins extracted from human cell culture using anti poly-Ub monoclonal antibodies (24) . This method is quite versatile in that it does not require any genetic manipulation of the cells from which ubiquitinated proteins are enriched. However, the high cost of the antibodies might be limiting for some laboratories. In another study, Weekes et al. (25) used the commercially available GST-S5a fusion protein (Biomol) to isolate ubiquitinated proteins from human heart tissue.
Proteins recognizing ubiquitinated proteins contain Ub binding domains (UBDs) of 20 -150 amino acids that can interact directly with mono-Ub and/or poly-Ub chains. UBDs are present in enzymes that catalyze ubiquitination or deubiquitination or in Ub receptors that recognize Ub conjugants (26) . Nine UBDs have been identified so far (26) ; all of them interact with the hydrophobic isoleucine 44 patch of Ub (27) . The affinity of the interaction varies significantly between different domains and is higher for poly-Ub chains than for mono-Ub (27) . Two of the UBDs, Ub-associating domain (UBA) and Ub-interacting motif (UIM) are found in a number of proteins. The affinity of the UBA domain toward poly-Ub was reported to be more than 3 orders of magnitude higher than that of UIM (27) . The specificity of these UBDs to bind canonical and non-canonical Ub conjugations is less clear.
Here we describe a large scale method for identification of ubiquitinated proteins. Ubiquitinated proteins were enriched by affinity purification using GST-fused UBDs isolated from Arabidopsis. Using a refined LC-MS/MS-based multidimensional protein identification technology (MudPIT) analysis we identified 294 distinct proteins that bind specifically to these domains. From these, we identified 85 ubiquitinated lysine residues, confirming that the strategy enriched for ubiquitinated proteins. The proportions of these proteins in functional categories provide the first assessment of ubiquitination in plant cells.
EXPERIMENTAL PROCEDURES
Plant Material-An Arabidopsis (ecotype Landsberg erecta) cell suspension line (28) was used to extract proteins. Cells were grown in Murashige and Skoog medium containing 3% sucrose, 0.5 mg/liter naphthaleneacetic acid, and 0.05 mg/liter 6-benzylaminopurine under a 16-h light/8-h dark cycle. Proteins were extracted from 7-day-old Arabidopsis suspension cultures. When noted, MG132 (Biomol) was added to the cells 4 h before harvesting at a final concentration of 10 M. Transient expression assays were performed using an Arabidopsis (ecotype Columbia) cell suspension line (29) .
Antibodies, Ub Derivatives, and Immunoblots-Anti-Ub immunoblot analyses were performed with the FK2 monoclonal antibody against ubiquitinated conjugates (Biomol, diluted 1:10,000) or a polyclonal anti-Ub antibody (Biomol, diluted 1:10,000) as primary antibodies and a horseradish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit IgG (Promega, diluted 1:10,000) as secondary antibody. Anti-HA immunoblots were hybridized with a peroxidase-conjugated anti-HA monoclonal antibody (Roche Applied Science, diluted 1:2,000). Ub and Lys-48-or Lys-63-conjugated Ub chains were purchased from Biomol. Proteins were separated by PAGE using the Mini-PROTEAN 3 electrophoresis system (Bio-Rad) at 100 V using the Power PAC 200 power supply (Bio-Rad). Proteins were further transferred to a Hybond TM ECL TM nitrocellulose membrane using the Trans-Blot SD semidry electrophoretic transfer cell (Bio-Rad) for 1 h; blocked in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, and 0.1% Tween 20 (TBST) containing 5% of dried skimmed milk; and hybridized overnight with the appropriate antibody diluted in TBST. Cross-reacting proteins were visualized by using the ECL Plus Western blotting detection system (GE Healthcare). The concentration of protein was determined by the BCA protein assay (Pierce).
Cloning Arabidopsis Ub Binding Domains-A DNA fragment encoding a triple UIM domain of the S5 subunit of the 26 S proteasome from Arabidopsis (AtRPN10, At4g38630) was cloned using the following oligonucleotides: 5Ј-gcgggatccggtggggacttcgac-3Ј and 5Ј-caagaattcgtttcaagcacctgtagc-3Ј. A DNA fragment encoding a double UBA domain (designated here as ISO) from the isopeptidase homologue AtUBP14 (At3g20630) was cloned using the following oligonucleotides: 5Ј-gatgggatccgcgcagcccgtggc-3Ј and 5Ј-gcgctgaattcctagaggatacatccatg-3Ј. Both PCR products were first cloned into the pGEMT-Easy A/T cloning vector (Promega) for sequence verification and subsequently cloned into pGEX-6P-1 (GE Healthcare) as BamHI/ EcoRI fragments. The resulting vectors, pGEX-UIM and pGEX-ISO, were introduced into the Rosetta TM strain of Escherichia coli (Merck Biosciences). Fusion proteins were purified using glutathione-Sepharose TM 4 Fast Flow (GE Healthcare) at an average yield of 1 mg/ml of bed volume.
Small Scale Purification of Ubiquitinated Proteins-Either 100 ml of 7-day-old Arabidopsis cell suspension culture or 3-5 g of leaf tissue of 2-week-old Arabidopsis, tobacco, or barley were ground in liquid nitrogen using a mortar and pestle. Proteins were extracted using 10 ml of 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 5% glycerol, and 1% Triton X-100 (TBSGT) supplemented with one tablet of Complete EDTA-free protease inhibitor mixture (Roche Applied Science), 10 mM iodoacetamide, 1 g/ml DNase I, and 10 g/ml RNase. Lysates were centrifuged twice at 6,550 ϫ g for 10 min each at 4°C and filtered through four layers of Miracloth (Calbiochem). Typically 10 mg of total protein were extracted, and protein extracts were mixed with a 0.1-ml packed volume of glutathione-Sepharose with bound GST, GST-UIM, or GST-ISO for 2 h at 4°C in 15-ml Falcon tubes using a head-overhead rotator. Tubes were centrifuged for 20 s at 3,500 rpm, and the pellet was washed three times in 10 ml of ice-cold TBSGT. Proteins were eluted by boiling in 2ϫ sample buffer, separated by 8% SDS-PAGE, and transferred to nitrocellulose membranes for immunoblot analysis.
Large Scale Purification of Ubiquitinated Proteins-This procedure was used for obtaining peptides for MudPIT analysis. Three liters of 7-day-old Arabidopsis cell suspension culture were collected by vacuum filtering over Miracloth and kept at Ϫ80°C until use. Frozen cells were initially broken using a mortar and pestle and subsequently ground to a dry powder with a Waring blender. Broken cells were blended in 50 ml of 8 M urea for 1 min. The mixture was then diluted with 300 ml of TBSGT. Lysates were centrifuged twice at 6,550 ϫ g for 10 min each at 4°C and filtered through four layers of Miracloth. Lysates were then further diluted using TBSGT supplemented with three tablets of Complete EDTA-free protease inhibitor, 10 mM iodoacetamide, 1 g/ml DNase I, and 10 g/ml RNase A to a final urea concentration of 0.4 M. Typically 2-3 g of total protein were extracted, and protein extracts were mixed with a 5-ml packed volume of glutathione-Sepharose with bound GST, GST-UIM, or GST-ISO for 2 h at 4°C. The protein/slurry mixture was then divided between five gravity flow columns (Bio-Rad 737-1531 Econo-Column chromatography columns). Each column was washed four times with 50 ml of ice-cold TBSGT. The resin from all five columns was then pooled into one 50-ml polypropylene tube. Proteins were eluted using 5 ml of 8 M urea at 65°C for 20 min. The elution step was performed twice, and the eluants were pooled and concentrated by ultrafiltration (Amicon Ultra-4, 10,000 molecular weight cutoff) for 20 min at 3,000 ϫ g or until the volume was less than 0.5 ml. Samples were diluted with double distilled H 2 O and centrifuged again for 20 min or until the volume was less than 0.5 ml. Concentrated proteins were transferred to a 1.5-ml Eppendorf tube, and the volume was reduced further to ϳ30 l by drying in a SpeedVac. Proteins were boiled in an equal volume of 2ϫ sample buffer for 5 min and loaded onto an 8% SDS gel without a stacking gel. Proteins were resolved at 80 V for 45 min and stained for 10 min in Coomassie Brilliant Blue staining buffer (65% H 2 O, 25% isopropanol, 10% glacial acetic acid, and 1 g/liter Coomassie Brilliant Blue). Gels were destained thoroughly in 65% H 2 O, 25% isopropanol, and 10% glacial acetic acid. The entire area above the GST fusion protein band was cut out for in-gel trypsin digestion. Gel slices were first chopped into 1-mm 2 cube pieces, pooled, and dehydrated with 30% acetonitrile in 50 mM triethyl ammonium bicarbonate for 15 min at room temperature. Proteins were reduced with 10 mM DTT for 35 min at 55°C and alkylated with 50 mM iodoacetamide for 20 min at room temperature in the dark. Proteins were digested overnight at 37°C with 2 g of proteomics-grade trypsin (Sigma) for mass spectrometric analyses (see below). Each trypsintreated sample was aliquoted and injected 2-10 times into the LC-MS/MS system for independent analyses.
MudPIT-Samples were analyzed by multidimensional chromatography coupled in line to nanoelectrospray ionization mass spectrometry on an LTQ ion trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA) (30) . Biphasic columns were packed in house into Self-Pack PicoFritா columns (uncoated; 75-m inner diameter; tip, 15 m; New Objective, Woburn, MA) with 6 cm of reverse-phase resin (BioBasic, C 18 , 5 m, 300 Å, Thermo Fisher Scientific) and 3 cm of polysulfoethyl A strong cation exchange (SCX) matrix (5 m, 300 Å, Poly LC). Samples were initially loaded onto a microprecolumn cartridge (5 m, 100 Å, LC Packing) at a flow rate of 20 l/min and desalted for 3 min with buffer A (0.1% formic acid in HPLC-grade water). Samples were resolved from the peptide trap and loaded onto the SCX part of the biphasic column using a 40-min gradient of 0 -40% buffer B (0.1% formic acid in HPLC-grade acetonitrile) followed by a 10-min gradient of 40 -98% buffer B. The flow rate was adjusted to 250 nl/min with a splitter. Peptides were step-eluted from the SCX phase onto the reverse phase of the biphasic column using 2-min salt pulses of 7.5, 15, 20, 25, 30, 35, and 40% buffer C (500 mM ammonium acetate, 5% acetonitrile, and 0.1% formic acid), respectively, or a 7-min gradient of 40 -100% buffer C. Peptides were resolved from the reverse phase using a 60-min gradient of 2-25% buffer B followed by a 40-min gradient of 25-55% buffer B except for the last salt fraction where peptides were resolved from the reverse phase using a 55-min gradient of 2-60% buffer B followed by a 40-min gradient of 60 -80% buffer B.
Quality Control-Fragmentation spectra acquired by Xcalibur 1.4 SR1 (ThermoElectron Corp.) were searched against the translated open reading frames of the Arabidopsis genome database (Ath1_pep, downloaded from The Arabidopsis Information Resource at www. arabidopsis.org/, version available in April 2004) with Sequest (BioWorks version 3.2, Thermo Electron Corp.). Sequest parameters were: 1) peptide mass tolerance of 2.0 Da, 2) parent ion masses were treated as monoisotopic, 3) fragmentation ion masses were treated as averaged, 4) a 57.0-Da static modification on cysteines accounted for alkylation, 5) a 16.0-Da variable modification on methionine accounted for oxidation, and 6) a 114.1-Da variable modification on lysines accounted for ubiquitination. Sequest results were filtered with the following requirements for peptides and locus identifications to be considered valid. A minimum of two unique (different either in sequence or in post-translational modifications) valid peptides per locus is required, and at least one of the peptides must have a minimum Xcorr of 2.0, 2.5, and 4.0 for singly, doubly, and triply charged ions, respectively. A minimum Xcorr of 2.2 is then accepted for additional doubly charged peptides matching the same locus with a minimum ⌬Cn of 0.1 and no peptides in the control experiment where the bait protein was GST. Only peptides resulting from trypsin digests were considered, allowing for up to three miscleavages.
Automatic Filtering of Results-Two lists of peptides were assembled: a "background" list and a "sample" list. The background list included peptides identified by the pulldown performed with GST as the bait, and the sample included peptides identified by the pulldown performed by either ISO or UIM as the bait. We generated a list of proteins that have at least two matching peptides in the sample list but none in the background list (proteins matching at least two unique peptides). Assembly of this list was automated using a custom PERL script, which is supplied as Supplemental File 1. This script takes as input two comma-delimited text (CSV) files: a background file and a sample file.
Immunoprecipitation-A DNA fragment encoding a Golgi SNARE protein (At2g36900) was cloned into a modified version of the pBIN-61 binary vector (31) containing a strong viral promoter (35S), a 3ϫHA tag, and the 35S terminator. Plasmids were introduced into the GV3101 strain of Agrobacterium tumefaciens and expressed transiently in Arabidopsis cell suspension as described previously (32) . Cells were harvested 48 -72 h after transformation and ground in liquid nitrogen. Proteins were extracted in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 1 mM PMSF, 50 M MG132, 10 mM iodoacetamide, and one tablet of Complete protease inhibitor mixture (Roche Applied Science). Cell lysates were cleared by centrifuging twice at 3,500 rpm for 10 min each, and recombinant proteins were immunoprecipitated by the Anti-HA Affinity Matrix (Roche Applied Science). After a 2-h incubation, beads were washed four times in the extraction buffer and boiled for 5 min in SDS sample buffer. The proteins were separated by SDS-PAGE and blotted to a nitrocellulose membrane. Ubiquitinated proteins were visualized with anti-Ub antibodies.
RESULTS
For a large scale isolation of ubiquitinated proteins from Arabidopsis cell suspension (ecotype Landsberg), we created a Ub affinity purification system using two distinct Arabidopsis UBDs, UIM and UBA. We utilized a triple UIM domain from the S5a subunit of the proteasome (AtRPN10) and a double UBA domain from the deubiquitinating enzyme isopeptidase (AtUBP14) (Fig. 1A) . We designated these two domains UIM and ISO, respectively. We expressed these two domains in E. coli as GST fusion proteins and tested their binding specificity using pure forms of mono-Ub and either Lys-48-or Lys-63-conjugated chains (Fig. 1B) . Mono-Ub was only pulled down using the ISO fusion protein, whereas the Lys-48-and the Lys-63-linked chains were pulled down by both fusion proteins.
A common problem encountered when enriching ubiquitinated proteins is the presence of highly active deubiquitinating enzymes (23) . To inhibit the activity of deubiquitinating enzymes, we added 10 mM iodoacetamide to the extraction buffer. Omitting iodoacetamide resulted in the complete absence of ubiquitinated proteins in the pulldown experiments as detected by immunoblot analysis (data not shown). We also incubated the samples in 8 M urea because a previous report showed a significant decrease in recovery of noncovalent Ub interactions (24) . The urea was then diluted to 0.4 M before addition of the Ub-binding fusion protein.
Using this protocol, we isolated ubiquitinated proteins from Arabidopsis suspension cell cultures with GST-UIM or GST-ISO. Because polyubiquitinated proteins are often short lived we treated the cells with 10 M MG132, a 26 S proteasome inhibitor, for 4 h prior to extraction for comparison with extracts from control cells treated with an equal amount of DMSO. We also used GST-glutathione-Sepharose to identify proteins that bound to the column independently of the UBD. From these control experiments, we generated a background dataset from duplicate experiments with GST-glutathioneSepharose using proteins extracted from MG132-treated cells or the DMSO control (Supplemental Table 1 ). Putatively ubiquitinated proteins were defined as those represented by at least two unique peptides in GST-ISO or GST-UIM interactions but not represented by a single peptide in the GST dataset. By these criteria, we identified a total of 294 unique proteins that selectively bound to the GST-UIM or GST-ISO system (Table I and Supplemental Table 2 ). Although many genuine ubiquitinated proteins may have been excluded from the results, we expect that these stringent criteria should greatly reduce the representation of false-positive identifications.
As expected, more unique peptides were identified in protein extracts derived from the MG132-treated cells. Treating with MG132 doubled the number of putatively ubiquitinated proteins identified using the GST-UIM bait. Using GST-ISO as bait, however, over 1,300 additional unique peptides after in vivo MG132 treatment were identified, but only 27 proteins were found with more than two unique peptides. The large number of single peptides from the GST-ISO experiments indicates a much greater sample complexity than that found with the GST-UIM. This may be due to a higher affinity of GST-ISO versus GST-UIM and/or broader substrate specificity of ISO versus UIM. It is also interesting to note that the protein sets from GST-ISO and GST-UIM have only a 14% overlap (Fig. 2) . These results may suggest that ISO and UIM domains possess distinct binding specificities to ubiquitinated conjugates (see also below).
All the putative ubiquitinated proteins are listed in Supplemental Table 2 . Most of the proteins were not previously identified as targets for ubiquitination. However, some proteins, or their close homologues in other organisms, are known to be ubiquitinated. For example, ubiquitinated forms of a sucrose synthase (33) , an annexin (34), the inducible form of heat shock protein 70 (HSP72) (35) , chaperonin CCT (36), and prohibitin (37) had been identified already. Thus our data provide a large set of novel ubiquitinated proteins. The predicted functions (based on The Arabidopsis Information Resource annotation) of these proteins are presented in Fig. 3 . A large proportion is involved in metabolism (19%) and in protein translation (14%). This trend generally correlates with other large Ub proteomics studies in yeast (23) and in human cell culture (24) .
Using MS/MS spectra we directly detected ubiquitination sites. Direct evidence for the ubiquitination of a protein is
FIG. 1. Use of GST-UIM and GST-ISO for affinity purification of ubiquitinated proteins.
A, schematic representation of GST-UIM and GST-ISO from AtRPN10 and AtUBP14, respectively. A domain containing three UIM motifs from AtRPN10 was fused to GST to create GST-UIM. A domain containing two UBA motifs from AtUBP14 was fused to GST to create GST-ISO. VWA, von Willebrand factor type A domain; ZnF UBP, zinc finger, UBP type. B, differential binding capacity of GST-UIM and GST-ISO. 1 g of either Ub, Lys-48-, or Lys-63-conjugated Ub chains were incubated with 100 g of GST, GST-ISO, or GST-UIM bound with glutathione-Sepharose for 2 h. Sepharose-bound proteins were precipitated by centrifugation, washed with TBSTG, and eluted by boiling in sample buffer. Proteins were separated by 12% SDS-PAGE and blotted onto a nitrocellulose membrane. Ubiquitinated proteins were detected with an anti-Ub polyclonal antibody and an anti-rabbit HRP-conjugated antibody. The experiment was repeated three times with similar results. aa, amino acids. possible by identifying the lysine residue(s) that form(s) the isopeptide bond with the C terminus of Ub. Trypsin digestion of ubiquitinated proteins leaves two glycine residues at the conjugated lysine resulting in an increase of 114 Da on this residue. It is also known that trypsin is not able to digest peptides at the ubiquitinated lysine (21) . Based on these two criteria, we identified 85 ubiquitination sites within 56 putative ubiquitinated proteins (Table II) . We confirmed that one of the proteins listed, SNARE protein membrin 11 (MEMB11) (At2g36900) important for endoplasmic reticulum-Golgi trafficking (38), was indeed polyubiquitinated upon MG132 treatment (Fig. 4) . We chose to validate the ubiquitination of this protein as its Xcorr scores are average and therefore representative. It was only identified by two unique doubly charged peptides of which one has a putative ubiquitination site but an Xcorr score of between 2.2 and 2.5 and the other has an Xcorr higher than 2.5. Based on the list we did not find any particular motif as a general ubiquitination site nor did we find particular patterns for differentiating UIM and ISO binding preferences. Nonetheless none of the ubiquitination sites found in this study, except for Lys-48 in Ub, was identified previously in plants. Indeed Ub itself was found to be ubiquitinated on five of its seven lysine residues. The order of relative abundance was Lys-48 Ͼ Ͼ Lys-63 Ͼ Lys-11 Ͼ Ͼ Lys-33 Ͼ Lys-29 (Table  III) as assessed by the overall number of times each signature peptide was identified. Interestingly the GST-UIM column did not yield any Lys-33 conjugation, whereas 19 Lys-33 conjugates were found in GST-ISO. This result might reflect differential binding capacity of UIM and ISO to Ub conjugates. Given the high sequence conservation of Ub, we investigated whether the UIM and ISO fusion proteins can also be used to enrich for ubiquitinated proteins from other plant species. We tested both fusion proteins using total protein extract from either Nicotiana benthamiana or barley plants. Both baits successfully enriched polyubiquitinated proteins from both plant species (Fig. 5) , indicating that the GST-UIM and GST-ISO fusion proteins can enrich ubiquitinated proteins from a wide range of mono-and dicotyledonous plant species.
TABLE I Identification of GST-ISO-or GST-UIM-binding proteins by MudPIT analysis

DISCUSSION
Here we describe a robust method for the large scale isolation and identification of ubiquitinated proteins from plants. We found that UIM and ISO, two different UBDs from Arabidopsis expressed in E. coli as GST fusion proteins, were able to enrich ubiquitinated proteins from complex extracts from Arabidopsis albeit with different apparent affinities toward subsets of proteins.
These studies report the first method for enriching ubiquitinated proteins from plants. Unlike similar methods, which have been reported in other organisms, our method does not require predeleting the native Ub genes (21) or high expression levels of a recombinant Ub gene (21) (22) (23) . Two methods for identifying Ub proteins from human cells were published recently (24, 25) . In common with our approach, these methods do not require any genetic manipulation of the cells used for protein extraction. However, these methods utilized expensive monoclonal antibodies (24) or GST-S5a fusion proteins (25) less suitable for a large scale purification.
To create a reliable list of putative ubiquitinated proteins, we used a stringent selection scheme. We first created a comprehensive dataset of proteins that bind to GST control, including proteins identified even by single peptides. We postulate that incorporating proteins identified by single peptides might result in including many proteins that were falsely identified in the GST dataset. In fact, had the GST dataset been filtered by the same criteria as the UBA/ISO datasets, more than 95% of the proteins currently present on the list would have been eliminated. We chose to have the GST dataset as comprehensive as possible to increase the stringency of our filter criteria even further and reduce the chances of proteins binding to the GST being falsely identified as putative ubiquitinated proteins.
Proteins present in the GST dataset were automatically removed from our list of putative ubiquitinated proteins. This rule was enforced even when a protein was identified by a higher number of peptides in the experimental pulldown than in the GST pulldown. The algorithm used for the automated screening is presented here as supplemental data (Supplemental File 1). It can be easily applied for other Arabidopsis proteomics studies. We removed proteins that were represented only as a single unique peptide even when these peptides were identified with high Xcorr values. The final list contains 294 proteins of which 56 proteins were identified with peptides with modified Lys residues. Although certain "genuine" ubiquitinated proteins may have been excluded from the results, we believe that using these stringent criteria greatly improved the signal-to-noise ratio of our data. Even with such high filtering stringency we could not exclude a possibility that some proteins identified as putative ubiquitinated proteins are in fact contaminating proteins that bind to GST. These may include several proteins that localize to the chloroplast or the mitochondria, two organelles that do not Fig. 4 . It should also be noted that proteins were extracted from ecotype Landsberg, and Sequest analyses were conducted using the genome sequence of ecotype Colombia whose genome sequence is not identical to that of Landsberg. Thus it is possible that some ubiquitinated proteins from these experiments were not identified because of the sequence variation between ecotypes. The specificities of the two domains were compared using pure forms of mono-Ub, Lys-48-conjugated chains, or Lys-63-conjugated chains. Our observation that mono-Ub could only be pulled down using the ISO fusion protein contrast with a previous report showing binding of mono-Ub to the UIM domain of the human proteasome subunit S5a (39) . However, others have reported differential affinities between UIM-containing proteins toward various lengths of Ub chains (40) . It is possible that these isolated domains bind differently from their native full-length proteins. We also found a relatively small overlap between proteins identified by the different Ubbinding bait proteins. This result may be attributed to differences in binding specificity of different ubiquitinated proteins or to incomplete coverage of the proteins present in the samples by the mass spectrometer.
Ubiquitination is a highly dynamic process and is balanced by deconjugation of Ub by deubiquitinating enzymes (DUBs). Briefly treating protein samples with 8 M urea and 10 mM iodoacetamide was found to be crucial for reducing the activity of DUBs (data not shown). DUB activity was probably not completely blocked by these chemicals as prolonged incubations of bait proteins with total protein extract resulted in reduction of the signal detected by anti-poly-Ub immunoblot analysis (data not shown). Optimal signal was detected after 1.5-2 h of incubation with significant reduction after 4 h.
The majority of identified proteins for which a function is predicted are involved in metabolism, translation, and RNA processing. In particular, we isolated a number of ribosomal subunits (At1g18540, At1g22780, At1g33120, At1g43170, At1g58380, At2g01250, At2g19730, At2g34480, At2g37190, At2g41840, At3g04230, At3g04840, At3g05590, At3g09630, At3g25520, At4g16720, At4g27090, At5g02870, and At5g20290). Although we did not identify any ubiquitination sites in these proteins, these are likely to be true ubiquitinated proteins. First, we did not find any of these proteins in the GST control, although the protein levels of ribosomes were expected to be very high. Second, a large set of human ribosomal subunits were also identified in a proteomics study using immunoaffinity purification system with anti-poly-Ub antibody FK2 (24) . Thus ubiquitination is likely to be an important regulatory mechanism for ribosomal proteins.
Our list also contains classes of proteins that are predicted to be ubiquitinated but had not yet been confirmed. For instance, we found four proteins (At1g58807, At4g09360, At4g19530, and At5g38850) that belong to a class of disease resistance (R) proteins containing a nucleotide-binding (NB) site and leucine-rich repeat (LRR) domain. NB-LRR type R proteins require heat shock proteins as their co-chaperones for stabilization and are expressed at very low levels (41, 42) . As misregulation of R proteins often triggers cell death, incompletely folded R proteins would enter a default ubiquitination and degradation pathway (43) . We also identified five ubiquitination sites in three of the four R proteins, confirming that these proteins were indeed ubiquitinated (Table II) . Another class of proteins identified contains two F-box-containing E3 Ub ligases (COI1: At2g39940 and At5g27750). E3 ligases are often self-ubiquitinated and are short lived (44) . As the peptides we identified did not contain modified Lys residues, ubiquitination sites may be at other parts of the proteins.
The diversity of polyubiquitination sites implies a complicated regulation system governed by Ub. Ubiquitination using each lysine residue of Ub has been described previously in budding yeast (21) . In other organisms, polyubiquitination on lysine 63 is known to be involved in DNA damage tolerance (45) , the inflammatory response (46) , protein trafficking (47) , and ribosomal protein synthesis (48) . Polyubiquitination on Lys-29 was implicated in protein degradation (49) . The recent isolation of Arabidopsis UBC13 encoding an E2 Ub-conjugating enzyme, whose yeast homologue is known to be capable of forming Lys-63 poly-Ub chains, suggests that Lys-63 polyubiquitination also plays an important role in plants (50) . To understand the biological significance of these non-canonical poly-Ub chain formations in plants, the Lys-63-linked proteins should be identified. Our method presented here will certainly facilitate further isolation of targets for such noncanonical ubiquitination.
The purification method presented here successfully enriched ubiquitinated proteins from not only Arabidopsis but also other dicot and monocot plants, proving the versatility of the system. Apart from cell suspension cultures, young seedlings are suitable materials as they easily take up MG132 and have been demonstrated to be useful for studies of ubiquitinated proteins (51) . With the completion of the rice genome and the sequencing of additional plant genomes in progress, proteomics research in plants is likely to increase in the near future. Given that this method does not require genetic manipulation of the sample plants and that GST-ISO and GST-UIM columns can be produced in a large scale at relatively low cost, we anticipate that the present strategy will find utility in studying protein ubiquitination across plant science. Similar strategies can also be used for identifying proteins conjugated with ubiquitin-related molecules such as small ubiquitin-like modifier and NEDD. Combination of our strategy with recently developed quantitative proteomics methods such as ICAT (52) or isobaric tags for relative and absolute quantification (iTRAQ) (53) will be a powerful tool to identify target proteins conjugated with Ub-related molecules in response to specific stimuli. * This work was supported in part by the Gatsby Foundation (to S. C. P. and K. S.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 
